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We study the fission dynamics of 240Pu within an implementation of the
Density Functional Theory (DFT) extended to superfluid systems and real-time
dynamics. We demonstrate the critical role played by the pairing correlations.
The evolution is found to be much slower than previously expected in this
fully non-adiabatic treatment of nuclear dynamics, where there are no symme-
try restrictions and all collective degrees of freedom (CDOF) are allowed to
participate in the dynamics.
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Nuclear fission, discovered in 19391,2, is fast approaching the venerable
age of 80 years and proves to be one of the most challenging problems in
quantum many-body theory. Nuclear fission is an extremely complex phys-
ical phenomenon, starting with the formation of the compound nucleus,
the shape evolution until the outer saddle point and eventual slide towards
the scission where the fission fragments are formed, accompanied or rather
followed by neutron and gamma emissions, followed later on by beta-decay,
with times scales of these processes ranging over more than twenty orders of
magnitude, see Fig. 1 and Ref.3. Likely the most difficult part of this entire
process is the descent from the saddle to the scission configuration which
over the years has proved quite difficult to define, and the formation of the
fission fragments. How a large nucleus with more than 200 nucleons sepa-
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rates into two fragments, how the mass and charge is distributed, how much
excitation energy and angular momentum each fragment acquires in this
process, how many neutrons and gammas are emitted and at what stage of
the fission dynamics, and why and how sometimes even more than two fis-
sion fragments are formed? Even tough an enormous body of experimental
results exists and a large number of phenomenological models have been
developed, the present day microscopic results are far from satisfactory4.
Nuclear fission is thus unlike another remarkable problem of the quantum
many-body problem, namely superconductivity, which since its discovery
in 19115 was successfully described microscopically in less than 50 years6.
Fig. 1. Qualitative potential energy of a fissioning
nucleus versus deformation and characteristic times of
various accompanying processes3.
Qualitatively it was un-
derstood a long time ago
that fission can be de-
scribed qualitatively using
a hydrodynamic descrip-
tion of the nucleus as a
charged liquid drop2 and
that the evolving shape
of the fissioning nucleus
can be described within
a collective model with a
deformation potential, see
Fig. 1. The independent
particle model7 forced us
realize that this smooth
deformation potential ac-
tually should have quite a
lot of roughness, due to the
single-particle level cross-
ings as a function of the nuclear deformation, see Fig. 2 and Ref.8. Only
the lowest A-levels remain mostly occupied while the nuclear shape evolves,
as the nucleus does not heat up significantly and the Fermi surface should
retain its spherical overall shape. While the nucleus elongates, the Fermi
surface becomes oblate, and it can recover its sphericity only if at a level
crossing nucleons from the occupied upward going levels jump to unoccu-
pied downward going levels, see upper panel of Fig. 2. The total energy
of the nucleus, which is to a large extent the sum of the occupied single-
particle energies, develops cusps at the level crossings. It was assumed
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that the residual interactions between the independent particles provide
the mechanism for jumping from one level to another at the crossing, and
it was also expected that as result also the deformation potential will be-
come smoother. Due to Kramers degeneracy each single-particle level is
however double-occupied and the only residual interaction capable of pro-
viding an effective mechanism to promote simultaneously two particles from
one level to another is the pairing interaction9.
²sp
q
v(q)
Fig. 2. The qualitative evolution of
the single-particle levels (upper panel)
and of the total nuclear energy (lower
panel) as a function of nuclear defor-
mation8,9.
This requirement can be understood
from a different point of view as well10.
During fission the axial symmetry is
typically conserved, and one can ex-
pect that the probability distribution of
the projections of the angular momenta
along the fission axis is also conserved.
The initial nucleus has a wider waist
than the final fragments and the max-
imum angular momentum is roughly
pFRA, where pF is the Fermi momen-
tum and RA the waist radius. In the
final fission products in case of symmet-
ric fission RA → RA/2 = RA/21/3 and
thus the maximum angular momentum
projection is smaller by a factor of 21/3
than in the initial nucleus. A dynamics
which will conserve the axial symmetry
will not be capable to allow for such a
dramatic redistribution of angular momenta of the occupied states. This
is the main reason while many attempts to describe fission within a time-
dependent Hartree-Fock approach failed so far11. The pairing interaction
is the most effective at coupling nucleon pairs in time reverse quantum
states in (m,−m) → (m′,−m′) and it preserves the axial symmetry as
well. Thus a full microscopic treatment of the pairing interactions in a
dynamic approach is crucial in describing fission dynamics, see Fig. 3 and
Ref.13. The approach adopted in Ref.13 is based on an extension of the den-
sity functional theory to superfluid anytime-dependent phenomena14. This
approach satisfies all expected symmetries of a nuclear Hamiltonian: trans-
lational and rotational invariance, Galilean invariance, isospin invariance
up to Coulomb effects and proton/neutron mass difference, gauge symme-
try, and renormalizability of the theory. The static and the time dependent
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formalism has been confronted with a multitude of theoretical tests and
with various experimental data in cold atom physics, nuclear physics, and
neutron star crust problems.
Fig. 3. Induced fission of 240Pu with normal pair-
ing strength last about 14,000 fm/c from saddle-to-
scission. The columns show sequential frames of the
density (first column), magnitude of the pairing field
(second column), and the phase of the pairing field
(third column). In each frame the upper/lower part
of each frame shows the neutron/proton density, the
magnitude of neutron/proton pairing fields, and of
the phase of the pairing field respectively13.
Even though the nuclear
energy density functional is
not yet known with high
enough accuracy and its ori-
gin is mostly phenomeno-
logical, its basic proper-
ties (volume energy, sur-
face energy, symmetry en-
ergy, Coulomb energy, spin-
orbit interaction) are such
that a very large body of
observables (masses, charge
radii, collective state) are
described rather well. For
the normal part of the en-
ergy density functional we
have chosen a well stud-
ied parametrization, the
SLy415, and for the pair-
ing part we used16. This
type of parametrizations of
the nuclear energy density
functional has met with
difficulties when describ-
ing spontaneous fission life-
times, since for an under-
the-barrier process the life-times depend exponentially on the energy den-
sity functional parameters. In the case of induced fission, where the entire
dynamics occurs in classically allowed regions, inaccuracies of the order
of O(1) MeV in the total deformation potential energy have a relatively
small impact on the observables, such as masses and charges of the fission
fragments, total kinetic energy and the excitation energies of the fragments.
The nucleus 240Pu was prepared in a state close in deformation to the outer
fission barrier and an equivalent neutron energy in the reaction 239Pu(n,f)
of about 1.5 MeV. Our goal was not to describe correctly various fission
fragments properties, as for many decades the main difficulty the theory
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was its inability produce fission starting above but near the top of the
fission barrier in a real-time approach.The approximate approaches used
widely and based on constructing at first a potential energy surface in a
collective space of a typically arbitrary dimension between 2 and 5, which
was combined with a recipe to calculate also an appropriate inertia tensor
in this collective space, even though they might lead to some reasonable
predictions, they do not really prove that a truly microscopic theory is at
hand. First of all the choice of collective variables is not rigorous, it is
based often on the ability of a specific researcher or group of researchers
to solve numerically the problem in the space chosen. It is computation-
ally extremely expensive to construct potential energy surfaces and related
inertia tensors in large dimensional spaces. The choice of collective vari-
able is not dictated by a rigorous theory but rather by “intuition.” There
are also technical difficulties with defining a potential energy surface in
a multidimensional space, which is basically a reduction from an infinite
dimensional space to a finite dimensional one, a fact well known in mathe-
matics in catastrophe theory even in the case of finite dimensional spaces.
Apart from these rather technical difficulties, there are physics problems,
as the introduction of collective degrees of freedom implies an almost exact
separation of the degrees of freedom into collective and intrinsic with no
coupling between them. This implies that during the evolution the intrin-
sic degrees of freedom are assumed to remain “unexcited,” which is never
the case, unless one deals with fully integrable models. There is always a
coupling between collective and intrinsics degrees of freedom, this is why
fragments emerge excited. This aspect is trivial to put in evidence, one
can start with a small number of collective degrees of freedom excited, such
as quadrupole and octupole deformation, and let the nucleus evolve freely,
only to discover that in an unrestricted dynamics other degrees of freedom
are immediately excited with significant amplitudes. This is one of the main
reasons why the present “microscopic” approaches, based on limited and
arbitrarily chosen number of collective degrees of freedom cannot be rec-
ognized as a solution of the large amplitude collective nuclear many-body
problem. The only viable alternative is to allow all degrees of freedom to
be active. Even though this might appear as an insurmountable numerical
problem, in fact the problem can be solved with current computers. In a
high accuracy simulation of induced fission of 240Pu we integrated in time
numerically 256,000 3D time-dependent coupled non-linear complex partial
differential equations on a 252 × 50 fm3 spatial lattice for about 320,000
time steps using 512 GPUs in about 47 hours or using 1602 GPUs in about
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24 hours. The lattice constant in this calculation corresponds to a cutoff
momentum of ≈ 500 MeV/c, which is very high and of the same magnitude
with the cutoff momenta used in chiral perturbation effective theories of
nucleon-nucleon interactions.
Fig. 4. Induced fission of 240Pu with enhanced pair-
ing strength last about 1,400 fm/c from saddle-to-
scission, thus about ten times faster than in the case
of normal pairing strength.
The outcome of allowing
all collective degrees of free-
dom to be active and to in-
clude time and space depen-
dent pairing fields has been
remarkable in several ways.
The first surprise was that
for the first time an actinide
could fission while the dy-
namics was described with
a realistic energy density
functional. This could not
have happened if pairing
correlations would have not
been included dynamically,
and even if pairing cor-
relations would have been
treated approximately at
the BCS level either stati-
cally or in a time-dependent
approach as in Refs.11,12.
The second surprise was
that the properties of the fission fragments came out very close to the ob-
served ones, even though no effort has been put in trying to obtain them.
The physics embodied in the nuclear energy density functional is to a large
extent accurate and we attribute this agreement to this fact. The third
surprise was that the evolution time from the saddle-to-scission was almost
an order of magnitude longer than previously predicted17,18, namely of the
order of 10,000 fm/c. It has already been established that in the absence
of pairing, or when pairing as a normal strength and is treated in BCS ap-
proximation or with frozen initial occupation probabilities, a nucleus will
not fission starting at the outer saddle12, as there is no mechanism to allow
for a redistribution of single-particle occupation probabilities. In order to
prove convincingly the crucial role played by the pairing correlations in the
fission dynamics we have increased artificially the strength of the pairing
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interaction. The saddle-to-scission time is then reduced dramatically to
about 1,400 fm/c, see Fig. 4. The pairing field fluctuates both in magni-
tude and phase at normal pairing strength, Fig. 3, while these fluctuations
are basically absent in case of strong pairing, Fig. 4, when the dynamics is,
as expected, similar to the ideal hydrodynamics18. The potential energy
surface has a lot of “roughness” for normal pairing strength, and the slide
down of the nucleus is similar to the motion of an electron in the Drude
model of electric conductivity, when the electron is kicked out of the direc-
tion of the electric field by elastic collisions with the ions, the length of the
trajectory is longer, and the average velocity along the direction of the filed
is significantly reduced, even though there is no friction. Similarly, the nu-
cleus from saddle-to-scision remains rather cold and only collective degrees
of freedom are significantly excited. Pairing, while not being the engine,
it provides the essential “lubricant,” without which fission is brought to a
“screeching halt.”
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